Abstract-In this paper we investigate the opportunistic spectrum access in temporal domain where a secondary user shares a radio channel with a primary user during the OFF period of the primary user. We consider practical ON/OFF traffic models whose bursty natures are not properly described by a Markovian assumption. An optimal strategy to determine the transmission power of the secondary user is proposed, which can be adapted to any source traffic model of the primary user. This strategy will maximize the spectrum utilization of the secondary user while keeping interference violations to the primary user below a threshold. Numerical results show that the transmission power of the secondary user depends on the probability distribution of the primary traffic as well as the elapsed time of the OFF period.
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I. INTRODUCTION

R
ADIO spectrum has become a scarce resource with the rapid growth of the demand for wireless communications. The need for the spectrum resource is expected to increase more as pervasive wireless services and applications are likely to prevail in the near future. In contrast to the apparent shortage of spectrum, measurement results for the spectrum usage suggest that only a fraction of the spectrum is actually used at any given time and location [1] , [2] . This discrepancy between the spectrum demand and the actual utilization necessitates more efficient methods of exploiting the spectrum. One promising solution is the opportunistic spectrum access (OSA) that is envisioned by the broader concept of cognitive radio [3] , [4] . The OSA allows secondary (cognitive) users to share radio channels with primary (legacy) users provided that the interference caused by the secondary users is not intrusive to the primary users.
The spectrum opportunity can be discovered in spatial and temporal domains. The spatial aspect of OSA relies on the attenuation of radio signal which enables an enough separation between a secondary user and a primary user to prevent harmful interference. The capacity of the spatial OSA has been extensively studied. The capacity limit of the spectrum sharing Manuscript received March 19, 2010 ; revised August 10, 2010; accepted September 12, 2010 . The associate editor coordinating the review of this paper and approving it for publication was D. Huang.
This work was supported by the VINNOVA project Multi-Operator Dynamic Spectrum Access (MODyS). The was investigated in [5] . The impact of aggregate interference induced by multiple secondary users was examined in [6] , [7] . In [8] , spectrum sharing in a frequency-planned cellular environment was evaluated. Reliable detection of the primary user is crucial in recognizing and exploiting the spatial opportunity. Performance of various sensing schemes to detect spatial opportunities were compared in a realistic propagation environment in [9] . An extensive survey of OSA can be found in [10] . This paper focuses on temporal aspect of the spectrum sharing. The temporal OSA exploits the bursty nature of the data traffic. A primary user alternates ON (busy) and OFF (idle) states during its service time. The channel becomes available to a secondary user when the primary traffic is idle even if the primary user is in close proximity to the secondary user. In [11] - [13] , channel selection/switching problems were investigated under multiple ON/OFF channel environments aiming at minimizing the disruption to primary users. The authors of [14] examined the impact of primary ON/OFF traffic on the capacity of spectrum sharing. Scheduling of spectrum sensing interval was studied in [15] - [17] , where the tradeoff between sensing efficiency and interference to primary users was addressed by dynamically adjusting the inter-sensing duration. However, the flexible sensing interval may introduce a synchronization problem to the secondary transmitter and receiver pair.
In this paper, we consider a fixed-length frame structure for the secondary user to help a simple synchronization. The frame is assumed to consist of multiple time slots. We propose an optimal power control scheme for the secondary user. At the beginning of each frame, the secondary user decides whether to transmit or not for the remaining time slots in the frame. The decision is based on the prediction of the primary user activity, i.e. the expected remaining time of the OFF period. The objective of the proposed scheme is twofold: to maximize the spectrum utilization of the secondary user and to keep the interference perceived by the primary user below a threshold.
It is known that the burstiness of the wireless source traffic is not properly described by the exponential distribution [18] , [19] . Thus, we consider practical non-Markovian source traffic models. Peer-to-peer (P2P) and interactive gaming services are assumed for the primary user traffic in this study because these are promising applications for the wireless Internet [20] - [22] . Interestingly, these applications show opposite statistical behaviors in terms of the remaining time of the OFF period. The framework discussed in this paper can be readily adapted to any source traffic model. Numerical experiments are performed with the consideration of the detection errors and the inaccuracy in the traffic parameter estimation. Our results
give new insights on how the non-Markovian behavior of the primary user makes an impact on the temporal opportunity of the spectrum.
The paper is organized as follows: In Section II, the system model is explained and the problem is described. The optimal transmission strategy for the secondary user is derived in Section III. Then, numerical results are presented in Section IV. Finally, conclusions are drawn in Section V.
II. SYSTEM MODEL AND PROBLEM DESCRIPTION
A. System Model
A pair of primary users and a pair of secondary users are assumed to be located in a same transmission area. A wireless channel is shared by the primary and the secondary users. We assume the secondary user always has data to transmit. The channel access of the secondary user can be neither regular nor planned in advance since it depends on the activity of the primary user. Thus, synchronization between the secondary transmitter and receiver is an important implementation issue in temporal spectrum sharing. We assume a fixed-length frame structure for the secondary user to enable a simple synchronization. The frame consists of +1 time slots, where the first slot is dedicated to periodic spectrum sensing. The remaining slots are for either transmission or shut down depending on the prediction of the primary user activity. Out of slots, those of no transmission can also be used for the spectrum sensing for more accurate knowledge of the primary user activity. This additional sensing may be used to find out when the OFF duration of the primary user started.
The source traffic of the primary user alternates ON (busy) and OFF (idle) periods. Let be a random variable denoting the duration of the OFF period. The probability distribution of depends on the specific application that the primary user currently employs. The cumulative distribution function (CDF) of is denoted by (⋅). A transmission by the secondary user causes an interference violation if the primary user is ON at the same time. The threshold of the interference violation probability is denoted by ℎ .
B. Formal Problem Description
The moment that the primary user begins an OFF period is regarded as the time slot one. Then, denotes the elapsed time of the OFF period. Let us consider a frame starting from the time slot and suppose the secondary user perceives the primary user is still idle. At time slot , the secondary user determines its transmission power for the next time slots in the frame, i.e. it decides whether to transmit or not for each time slot. A conservative decision under-utilizes the temporal opportunity, whereas an aggressive transmission strategy leads to the interference violation as illustrated in Fig. 1 .
The objective of the secondary user is to maximize spectrum utilization while keeping the interference violation probability below ℎ during the frame duration. Let ( ) be a binary variable indicating whether the secondary user transmits at time slot . By defining ( ) as an indicator variable for the interference violation at , our problem can be written as follows:
subject to
Note that ( ) can be expressed as
where ( ) is a variable indicating the activity of the primary user.
The secondary user can exploit the channel if the primary user is OFF ( ( ) = 0). It should stop transmitting when the primary user becomes ON ( ( ) = 1). However, the secondary user is unable to know ( ) at the moment of decision ( > ). Thus, the transmission power of the secondary user should be determined based on the prediction of ( ) that depends on the specific probability distribution of the primary source traffic and the elapsed time of the OFF period. This is discussed in the next section.
III. OPTIMAL TRANSMISSION STRATEGY BASED ON PRIMARY TRAFFIC MODEL
A. Optimal Strategy
Let us assume slots are transmitted out of time slots and − slots are not used for the transmission in the considered frame, i.e.
∑ + = +1
( ) = . Then, we propose the following transmission strategy for the secondary user: it transmits data in consecutive slots followed by − slots of no transmission.
The proposed strategy has an advantage in synchronization and receiver complexity compared to other possible strategies spreading slots discontinuously over the frame. It allows the secondary user to commence transmission only at the second time slot of each frame. In addition to the simplicity, the strategy has the following proposition.
Proposition 1: The proposed strategy is optimal under the condition that the ON period of the primary user is longer than the frame length of the secondary user.
Proof: Assume that there is an optimal strategy which does not transmit in th time slot and transmits in th slot ( < ). If the OFF period ends between + 1 th and th time slots, this strategy results in more interference violations than a strategy that exchanges th and th time slots. This contradicts the assumption that the strategy is optimal. The proposition suggests that the optimality of the proposed strategy can be met by a proper choice of the frame length. That is, we can determine the frame length shorter than the average ON period, which is in practice a reasonable choice. On the other hand, a small frame size may result in poor utilization due to the frequent dedicated sensing. We numerically evaluate the impact of the frame length in Section IV.
From proposition 1, the optimization problem of (1)- (2) reduces to obtaining the optimal number of . Let Ψ ( ) be the expected number of interference violations during the The frame structure of the secondary user; interference violation and under-utilization according to the transmission strategy frame given . In order to obtain Ψ ( ), we define an event ( + ) as follows:
• ( + ) is the event that the primary user begins the ON period at time slot + given that it was idle at time slot , i.e. ∑
=1
( + ) = 1 given that ( ) = 0.
Then, Ψ ( ) becomes if the event ( +1) occurs. On the other hand, no interference violation is expected during the time slots if ( + ) does not occur. Thus, Ψ ( ) is given by
At the decision moment , Pr [ ( + )] in (4) can be obtained as follows:
From (4) and (5),
Now we consider a more relaxed model that the frame is not time-slotted such that the transmission time of the secondary user can be any real value within the frame. Let us denote the frame length by + where is time required for the dedicated sensing and is the rest of the frame. At the moment , the secondary user determines the duration , during which it transmits (0 ≤ ≤ ). Similar to the slotted case, the secondary user transmits for seconds followed by − seconds of no transmission. An extension of (6) is considered as a first step of obtaining the optimal . Let us assume that a time slot is divided into logical sub-slots. The duration of the sub-slot is denoted by Δ . From the same reasoning to (4)-(6), we get
The summation in (7) can be converted to a definite integral as Δ approaches zero. From (2) and (7), the following constraint is obtained.
Then, the optimal , say * , is obtained by finding the maximum which satisfies (8) . Since the left hand side of (8) is a monotonically increasing function of the transmission time , it can be readily solved by simple numerical methods such as bisection method in the range [0, ]
1 . It should be emphasized from (8) that * depends on , the elapsed time of the OFF period as well as (⋅) which is coupled with the specific application. When the OFF duration follows an exponential distribution with a parameter , (8) reduces to
Thus, * is determined regardless of in case of the exponentially distributed OFF period due to the memoryless property of the exponential distribution.
B. Impact of Sensing Error
In practical environments, the detection of the primary activity may not be accurate. We consider two types of errors. First, the secondary user may not be aware of the accurate moment that the primary user begins the OFF period. This occurs when the secondary user relies only on the dedicated periodic sensing, and leads to the error of the maximum in the estimation of elapsed OFF duration. Let denote the difference between the perceived elapsed time and the actual one ( = − ). Then, the expected interference violation during is denoted by Ψ ( + ). By letting ( ) be the probability density function (PDF) of , we get
We assume that follows a uniform distribution in the range
From (8) and (10), * can be obtained by maximizing in the following formula:
The second type of error is false alarm and missed detection due to the unreliable spectrum sensing. We consider the missed detection in this study because it leads to much adverse impact. Let be the probability that the secondary user detects the primary user as idle while it is actually busy. The parameter is specified by the receiver operating characteristic (ROC) curve of a sensing technique [10] . Since seconds of the interference violation occurs in case of the missed detection, the optimal in the presence of the missed detection, * , , is given by *
This means that the presence of the missed detection results in a conservative decision, i.e. a reduced transmission time.
IV. NUMERICAL RESULTS
A. Source Traffic Model for the Primary User
The duration of the OFF period can be modeled by a probability distribution depending on the application of the primary user. We consider two source traffic models for the primary user: P2P and interactive gaming. For the P2P service, is described by a log-normal distribution [20] . The PDF of is given by
The OFF period of the interactive gaming is modeled by an extreme value distribution with the following PDF [21] , [22] .
The parameters ( , ) are in milliseconds (msec) and the values used in this paper are (2.47, 1.88) and (55.00, 6.00) for the P2P and the interactive gaming, respectively [20] , [22] . Note that the parameters give the mean OFF duration of 69.10 msec and standard deviation of 396.18 msec for the P2P, and 51.50 msec and 7.70 msec respectively for the interactive gaming. The PDFs of these traffic models represent different characteristics as shown in Fig. 2 . The P2P is well fitted by heavy tail distributions. The OFF durations for various Internet services can be described by the log-normal distribution [20] . On the other hand, the interactive gaming shows a spiky shape with a small standard deviation compared to the P2P.
The relationship between the elapsed time of the OFF period and the remaining OFF duration is characterized as shown in Fig. 3 . This figure depicts Pr [ ( + 1)] for each traffic model. Recall that Pr [ ( + 1)] denotes the probability that the primary user begins the busy period at + 1 given that it was idle at . From (5), Pr [ ( + 1)] at is given by The exponential distribution which has the same mean OFF duration is also shown for comparison. It is interesting to observe opposite characteristics of the P2P and the interactive gaming in terms of the remaining OFF period. Fig. 3 indicates that the OFF period tends to continue as increases in the P2P service, whereas longer elapsed time results in higher probability of ending the idle period in the interactive gaming. For the case of the exponential distribution, Pr [ ( + 1)] has the same value regardless of .
From (8) and (12), the optimal for each traffic model is obtained in Fig. 4 . As expected from Fig. 3 , the P2P and the interactive gaming show opposite trends in the relationship between the elapsed OFF period and * , . It is observed that * , for the P2P increases as the elapsed time proceeds, while * , decreases according to the increase in for the interactive gaming. This figure suggests that the transmission strategy of the secondary user should be adapted to not only the elapsed idle period but also the characteristics of the primary user traffic. as a function of ( = 10 msec, =0.05, and = 0)
B. Performance Measures
We define the interference violation probability and the spectrum utilization Φ as performance metric. The number of dedicated spectrum sensings in an OFF period is denoted by . Let be the time of interference violation during the OFF period, and be the time that the secondary user transmits without interference violation. From above notations, and Φ are given by
where E[⋅] denotes the expected value. We also define Φ to be the hypothetically maximum achievable utilization. 
C. Simulation Results
Monte Carlo simulations are performed to examine the performance measures defined in Section IV-B. Throughout the experiments, the dedicated sensing duration is assumed to be 1.0 msec. Fig. 5 shows as a function of , the maximum continuous transmission time for the secondary user. The exponential approximation does not satisfy the ℎ requirement for both P2P and interactive gaming. This indicates that the use of a Markovian assumption generates excess interference to the primary user in practical environments. The increase in is observed in the P2P case as increases. The prediction of the primary user activity becomes inaccurate with the increasing frame length. The impact of , the error in the estimation of the elapsed OFF duration, also increases with longer . As a result, exceeds ℎ as becomes longer than 8 msec in the presence of uniformly distributed , and 12 msec without . On the other hand, the effect of on is small for the case of the interactive gaming, which shows the gaming is not sensitive to the frame length. It is because the extreme value distribution describing the interactive gaming has a small standard deviation.
The utilization Φ according to is presented in Fig. 6 . The result of the exponential approximation is not shown in the figure because the approximation does not satisfy ℎ requirement. The gap between Φ and Φ increases as becomes larger due to the increasing inaccuracy in predicting the remaining OFF duration of the primary user. For the case of P2P, the longer frame even decreases the utilization. Overall, the interactive gaming gives better Φ than the P2P. It can be explained by the fact that the interactive gaming has a smaller standard deviation, which makes accurate prediction of the primary user activity available.
The relationship between ℎ and Φ is illustrated in Fig. 7 . The ℎ constraint can be regarded as the tolerance of the performance impairment that the primary user experiences. Thus, Fig. 7 shows an important tradeoff between the performance degradation of the primary user and the utilization of the secondary user. The increase in ℎ improves Φ significantly when ℎ is relatively small, i.e. less than 0.03 for the P2P and 0.01 for the interactive gaming. However, the rate of the performance improvement is reduced as ℎ increases. This implies that the proper choice of ℎ will be beneficial to both the primary and the secondary users. Moreover, the choice of ℎ should depend on the application that the primary user employs. For the case of the P2P, a shorter gives better Φ when ℎ is lower than 0.07. Thus, smaller frame size is preferred if a tight requirement for the interference violation is applied.
Finally, Fig. 8 shows the change in when there occurs an error in the parameter estimation of the probability distribution for the primary source traffic. We assume that and in (13) and (14) under-estimation of the traffic parameter results in lower while over-estimated parameters cause excess interference violations. In practice, there is an uncertainly in the parameter estimation when the primary user begins a new application. The secondary user can estimate the parameters more precisely as the application continues. Therefore, it is recommended that the secondary user make a conservative decision on the traffic parameters when a change in the traffic distribution is detected.
V. CONCLUSION
We investigated the temporal aspect of OSA. Instead of the traditional Markovian models, realistic ON/OFF traffic models, better adapted to the bursty nature of the traffic, were considered. Knowledge about the elapsed OFF period of the primary user is exploited to obtain a prediction of the remaining OFF duration that controls the secondary user behavior. We considered a frame structure where the secondary user determines its transmission power at the beginning of each frame based on the prediction of the primary user activity. An optimal strategy of the secondary user was proposed, which can be readily adapted to any primary traffic model. Our findings on interactive gaming and P2P primary traffic are as follows: the OFF duration of the gaming has a spikyshaped PDF while that of the P2P follows a heavy-tailed distribution. As for the gaming, the secondary user has to reduce the transmission power as the OFF period of the primary user elapses. This means, as the duration of the OFF period is centered to a certain value with high probability, the secondary user should turn off its power immediately after a given time. The opposite applies to the P2P. The simulation results show that the interference violation is well bounded by the proposed scheme for both traffic models.
The results also provide insights into the research issues in the temporal OSA. First, the performance can further improve by a proper choice of the frame length. The gaming is not sensitive to the frame size of the secondary user. On the other hand, the heavy-tailed services like P2P needs an accurate estimation of the remaining OFF duration, requiring smaller frame length. Second, the constraint on the interference violation plays an important role in optimizing both primary and secondary performances. Third, an over-estimation of the traffic parameters results in high probability of the interference violation. Therefore, the following topics remain as attractive areas of further studies: the determination of frame length, the performance balancing between the primary and the secondary users, and the estimation of the traffic distribution and parameters. 
